Radio frequency identification (RFID) is a pivotal technology to realize the Internet of Things (IoT) dreams and considered as a last-mile solution. Therefore, this paper presents a novel compact antenna design for UHF RFID handset with angle-adjustable linear polarization using characteristic mode analysis. The proposed antenna design consists of a multi-orientation dipole partially printed on three sides of C shaped F4B substrate and an internal ground behind the handset screen. First of all, different characteristic modes of multi-orientation dipole and ground plane are analyzed using characteristic mode analysis, which shows that the vertical polarization is provided by ground plane, and the horizontal polarization is produced by the dipole. Secondly, the proposed multi-orientation dipole is connected with internal ground using two metal shorting strips to adjust the polarization angle. Finally, a suitable feeding position is selected to excite the required characteristic modes to get the radiation pattern with slant polarization. This antenna covers whole US UHF RFID band ranging from 902 -928 MHz. The advantage behind slant polarization lies in reading of RFID tags with both horizontal and vertical orientations. A prototype of antenna with 45-degree linear polarization angle is fabricated to prove the concept, and the measurement results are matched well with simulated results. Furthermore, this paper paves the way to use typical android phone-sized handheld reader as terminal device for future IoT applications ranging from consumer terminal devices to infotainment solutions by providing capability of reading RFID tag with different orientations.
I. INTRODUCTION
Fifth Generation Mobile communication (5G) and Internet of Things are revolutionizing this world regarding speed/data rate, latency, number of connected devices and other vertical applications [1] - [5] . IoT leverages numerous devices and technologies such as smart sensors, actuators, connectivity, processes, machine learning and etc., to offer smart solution to wide range of application areas such as smart cities, smart healthcare, smart agriculture, smart homes, smart waste management and etc. [3] , [6] - [10] . The RFID technology is considered to be a last-mile solution for IoT, and further leading towards the internet of everything (IoE). So, in some The associate editor coordinating the review of this manuscript and approving it for publication was Hassan Tariq Chattha . recent years, the applications of RFID have increased with the rapid development of IoT.
The UHF band RFID technology has been widely adopted because of its large read range, and low-cost inkjet printable tags [11] - [14] . There are two types of UHF RFID readers in the commercial market, one is fixed readers and another one is handheld type readers. The antenna plays an important role in the whole system design. So, the antenna designer must have to consider all aspects such as performance, integration environment and actual specifications in terms of space and cost, to meet the customers' requirements. For the fixed reader, the antennas are external and usually linked to the reader's RF module by a long coaxial line [15] , while in case of small handheld, the antenna has to achieve all performance metrics within limited space/size along with the ability to counter the integrated environments. Therefore, it magnifies FIGURE 1. The traditional antenna position in commercial RFID handset [25] .
the antenna design challenge for handheld readers' antenna design as compared to fixed reader antenna, which has larger size, simple integration environment and usually no or little space constraints.
Considering this issue, firstly, we discussed some commercially available solutions such as quadrifilar helix antenna usually vertically placed on the front of the handset or a ceramic microstrip-antenna placed on the back of the handset, shown in Fig. 1 . However, the traditional method increases the space, weight, and cost. There are some antenna designs for fixed and handheld readers proposed by recent researches. However, most of them pose a larges footprint together with costly solutions. In [16] , a crossed dipole antenna design with circular polarization has been proposed for either tag or RFID handheld reader applications. This antenna offers an axial ratio (AR) 3 dB bandwidth of 2.8% (906-932 MHz) with 56 ×56×0.4 mm 3 dimensions. The performance of this antenna is good enough. However, the size is a little big for integration inside small android like handheld readers. Another solution for handheld RFID reader antenna design was presented in [17] . The 3D printed antenna proposed in [17] consists of four inverted-F monopole arrays, which are feed by using a 90 • offset feeding network. However, the dimensions of this solution are 60×60×7.5 mm 3 . In [18] , a circular polarized (CP) RFID handheld reader antenna was suggested based on Koch fractal geometry. Again, this antenna is also fabricated on a square-shaped substrate of size 54 ×54 ×1.6 mm 3 . In [19] , proximity fed CP antenna has been presented with dimensions 60×60×7.5 mm 3 , has AR bandwidth ranging from 917-929 MHz. Also, a CP antenna for RFID reader is presented [20] , with more AR bandwidth, however posing a quite large footprint of 95×100×13.6 mm 3 . Most of commercial handheld RFID readers use circular polarized antenna for reading a tag in different orientations, but the design of circular polarized antenna required equal space along both dimensions. However, there are lot of space constraint in modern android phone-sized handheld readers and smartphone devices due to additional circuitries that performs several other tasks (as shown in Fig. 3 ). Also, for most cases, the RFID tags are mounted either vertically or horizontally which means they can be readable with linear antenna having slant polarization (45 • ). Consequently, In order to resolve the tag reading issue due to vertical and horizontal orientations, the slant polarization based antenna is one of good candidate. Therefore, in this paper, a compact antenna is designed suitable for an android phone-sized handheld RFID reader or it can be easily integrated with android phone with addition RFID chip circuitry. The proposed antenna has very compact dimension of 75×16×10 mm 3 , which can be reduced further by removing extra substrate. The extra substrate means the substrate without the antenna part. In actual situation, we can remove extra substrate part as shown in figure below so this place can be utilized for additional circuitry. It is worth to mention here, we tested the results of our antenna both with and after removing this extra substrate, the result are quite similar. Moreover, since it is very difficult to design a circularly polarized (CP) antenna with such small space since it needs square substrate configuration. So, we aimed an antenna with angle adjustable or with slant polarization, which can read RFID tags either in vertical or horizontal orientations. We proposed the antenna using three steps as follows: (1) The characteristics mode analysis (CMA) has been employed to analyze individual characteristics modes (CM) of multi-orientation dipole (MOA) and ground plane (GND). It is worth to mention here; the multi-orientation dipole is partially printed on three sides of C shaped F4B substrate. The CMA provides in-depth analysis of antenna design by exploring individual characteristic modes (CMs) [21] , especially when two modes need to be united to synthesize our desired radiation pattern and polarization [22] . (2) The proposed MOA is connected with internal ground using two metal shorting strips to adjust the polarization angle of desired CM modes. (3) Finally, a suitable feeding position is selected to excite the necessary characteristics modes to get the radiation pattern with slant polarization/45-degree linear polarization. Also, this antenna covers whole US UHF RFID band ranging from 902 -928 MHz. The advantage behind slant polarization lies in reading of RFID tags with both horizontal and vertical orientations. A prototype of antenna is fabricated to prove the concept. The simulation and the measured result show the significance of the proposed antenna design for handset application. So, this paper paves the way to use typical android phone sized handheld reader or a simple android phone with small extra circuitry as terminal device for future IoT applications. This paper is organized as follows: In section II, the application scenario is described. In section III, the principle of CM theory will be briefly introduced, and the overall thinking will present. Section IV gives a detailed analysis of metal plane, dipole and two metal strips by CM to synthesize our desired mode. In section V, the structure of the proposed antenna, the full-wave simulation result, and the test result are present. The paper ends with a conclusion in Section VI. Fig. 2(a) shows the difference between linear and slant polarization. In fact, slant polarization means electric field of the wave oscillates -45 • or +45 • from reference 0 • plane. Fig. 2(b) show the application scenario of the proposed antenna design with slant polarization. As can be seen from Fig. 2(b) , the slant polarized antenna poses a capability of reading RFID tags with different orientations. It can be able to read RFID tags mounted vertically or horizontally, or with + 45 • linear polarized dipole tags. Moreover, the pure Y-polarized antenna needs users to rotate the handset about 90 • when the tag was paste vertically. So, if we want to read the tag for the same distance whether horizontally or vertically by a comfortable gesture that is erect, the handset antenna's polarization should be circular or 45 • linear.
II. APPLICATION SCENARIO

III. BRIEFLY INTRODUCTION TO CM THEORY
Nowadays, the CMA is widely used in antenna designs, because it can be able to deliver in-depth physical insight and step by step analysis towards by providing an opportunity to explore each individual characteristics mode of antenna under test [22] - [24] .
The CMs can be defined by the eigenvalue equation as follows [22] - [24] :
where the [X] and [R] are imaginary and real parts of the impedance matrix, respectively. Eigenvector J n and eigenvalue λ n of the object can be obtained by solving (1) . For λ n = 0, the mode is resonating and have a potential radiation capability. To represent the radiation capacity of a mode another suitable term is known as the modal significance (MS) as
The resonating mode with maximum radiation capacity will have MS = 1.
IV. CM ANALYZE OF RADIATION STRUCTURE
As shown in Fig. 2 , the UHF RFID handset (handheld RFID smart phone like reader) faces the line polarization tag by its back (+Z). The line polarization tag is paste in a fixed way, horizontally (Y axis) or vertically (X axis) and the polarization direction is +Y and +X, respectively. So, if we want to read the tag for a same mounted in both horizontal and vertical direction, the handset antenna's polarization should be circular or 45 • linear. For some handset with internal layout as shown in Fig. 3 (a) , it is very difficult to design a circular polarized antenna in such as small space, therefore, we proceed with later option, which is to design an antenna with 45 • polarization direction. For simplified analysis, an equivalent size model is shown in Fig. 3 (b) . The F4B substrate of 1mm thickness with ε r = 2.55 and tanδ = 0.0015 are used as antenna circuit board and imitating media case of handset. As mentioned before, if we connect a monopole, an IFA (Invert F Antenna) or a loop antenna with a ground metal plane, the polarization direction will be decided by the metal plane mode. So, an orthogonally polarized antenna type needs to be added and unite with the metal plane. The details of CM analysis are as follows:
A. TWO FUNDAMENTAL CM MODES ANALYSIS Fig. 4 shows the dimensions and CM analysis of the metal plane along with respective MS, modal current and modal farfield. From Fig.4 (b) , we find that mode 1 has the potential radiation capacity in the UHF RFID band. The arrows in mode current distribution (shown in a subset of Fig.4 (b) ) denote the current flow, and the black dots mean the current nulls. Fig.4 (c) shows the mode 1 current, which is half wavelength along the long side means the X polarization in the +Z direction. The back of the handset faces the +Z direction whose corresponding radiation angle with theta = 0 • . The E-Theta and the E-Phi represent E-component with respect to different phi angles, which means if we want to get the 45 • polarization between +X and +Y, the E-Theta should be equal to the E-Phi at Phi = 0 • . So, a new radiation object/antenna must be used instead of a metal plane as the main radiator to generate orthogonal polarization. Considering the space and complexity of integration environment of handset, a multi-orientation dipole would be the best choice.
The CM analysis of this dipole is shown in Fig. 5 . As shown in Fig. 5 (a) , the multi-orientation dipole (MOA) is printed partially on three sides of F4B substrate. The main part MOA is dipole about half wavelength is embedded on inner surface of F4B substrate, while the parts are printed on upper and lower wings of C-shaped F4B substrate. The MS of two CM modes and characteristic current of MS 1 of MOA are shown in Fig. 5 (b) . The MS 1 offers maximum potential radiation capacity in UHF RFID band along with mode current with Y polarization in the +Z direction, which is actually required for our case. Fig. 5 (c) also shows the modal polarization characteristics in the +Z direction, which is orthogonal to the mode1 of the metal plane. So, these two fundamental modes can synthesize to produce a 45 • polarization in +Z direction by a suitable measure.
B. CM ANALYSIS FOR MODE AYNTHETIZE
After analyzing individual modes of both ground plane and MOA, we need to connect these two radiation elements to get the required results. Therefore, the two thin metal strips are adapted to connect the two radiation objects and the CM analysis of the new united structure with different configurations of the two strips is shown in Fig.6 (a)-(d). The MS, mode current and polarization characteristic of each structure with different distances between two shorting strips are analyzed. For conciseness, just the corresponding mode of the potential radiation capacity in desired frequency band is shown in this paper. From Fig. 6 (a) , the two metal strips unite to an integrated whole and connected in the middle of the short edge of the metal plane and dipole. Mode 4 shows the modal significant value in the UHF band. From the characteristic current picture, we can find that just one arm of dipole structure plays a role, and the radiation character acts as a 0.25 wavelength monopole. However, the far-field E-field picture shows a polarization direction compared to the traditional monopole of a smartphone antenna, which the polarization direction is actually controlled by the GND. From Fig. 6 (b) , the two metal strips parallel separate with 16.4 mm. The current in the dipole acts as the half-wavelength mode, which has the max area in the center and two null points at both ends. Although there are two max current value exists at connecting point of the metal strip and dipole, however, the current value is also near to maximum value at the center of dipole. The current in the metal plane mainly flows along the longer edge which has the max value in the center of the longer edge and null points in the end. This whole configuration can provide angle adjustable polarization direction and the far-field E-field picture shows a good polarization character that has the same E component around phi = 0 • . However, to show a complete picture of analysis, we also discuss results with the distance between the two metal strips which is extended to 44mm and the end of the short edge. In these two cases (as shown in Fig.6 (c) and (d) ), mode 1 which is the one wavelength loop mode becomes most significant mode. The current nulls appear in the center of the dipole and short edge of the metal plane. So, the polarized character is decided by the mode of the metal plane, which just has +X polarization in +Z direction. In a word, the distance between metal strips plays an important role in polarization angle adjustment. Finally, to conclude the analysis, the distance of 16.4 mm between the shorting strips is selected due to our requirement in order to generate 45 • potential polarization radiation capacity in the +Z direction. Furthermore, according to CMA, an appropriate feeding position should be placed at current maxima in order to excite the required CM modes, however since the current is relatively maximum in center of MOA, due to symmetry, we choose the center point as suitable feeding position to excite required CM modes.
V. SIMULATED AND TEST RESULT ANALYSIS A. STRUCTURE OF THE PROPOSED ANTENNA
The detailed dimensions of the proposed antenna are shown in Fig.7 (a) . Fig.7 (b) shows the size of the local enlargement of dipole. The proposed antenna consists of three parts: the 120 × 75mm 2 metal plane, a multi-orientation dipole, and the two metal strips. The proposed antenna is printed on 3 sides of C-shaped substrate, a part of antenna is printed on upper substrate, a part of antenna on lower substrate and main part of antenna is printed on middle substrate (highlighted by between bending lines). All of the three parts are placed on the inner surface of the substrate, for other electronic devices may occupy the empty room. The center of the dipole which has relatively large current value in Fig. 7 (b) is selected as the feeding point. The two arms of the dipole are on the central symmetry of the feeding point. As shown in Fig. 7 (b) , the dipole is unfolded on a plane and all of the widths of the dipole metal strip is 1 mm. The parameters of dipole are as follows: l 1 = 3 mm, l 2 = 8 mm, l 3 = 4 mm, l 4 = 6 mm, l 5 = 9 mm, l 6 = 10 mm, l 7 = 12 mm, w 1 = 3 mm, w 2 = 4 mm, w 3 = 3.5 mm, h = 3.5 mm. By considering the impedance matching and polarization character in the farfield, the distance between the connecting points on the dipole of the two metal strips is 16.4 mm and the connect points on the metal plane are both at the center of short edge of the metal plane. The width of the shorting metal strips is also 1 mm. Fig. 8 shows the simulated S 11 and far-field polarization pattern of the proposed antenna using a full-wave simulator of HFSS. Figs. 8 (a) shows that the S 11 almost blow -10 dB in the whole US band (902-928MHz). Additionally, the realized gain and simulated 3D radiation pattern of this antenna at 915 MHz are illustrated in Fig. 8(b) and (c), respectively. The values of realized gain with Theta = 0 • and Phi = 0 • of the center frequency point and band edge frequencies are shown in Table 1 . The realized gain theta is approximately equal to the realized gain phi in the whole US band with Theta = 0 • and Phi = 0 • , which means the proposed antenna accomplish 45 • linear polarization in the whole US RFID band.
B. SIMULATED AND TEST RESULTS
In order to verify the correctness of the theory, a prototype of the proposed antenna is fabricated and tested. On the one hand, the antenna is tested in the microwave anechoic chamber to get the accurate realized gain values. On the other hand, a long linear polarization tag is adopted to test polarization performance in an actual environment. The measured S 11 and the far-field polarization pattern are shown in Fig.9 .
The measured values of realized gain with Theta = 0 • and Phi = 0 • of the center frequency point and side frequency are shown in Table 2 . The measured radiation patterns are illustrated in Fig. 9(d) , which depicts a good match with simulated patterns and verifies the performance of proposed antenna design. The test results are consistent with the simulation result, and the decrease of gain may be caused due the high loss factor of substrate material and fabrication discrepancies. As Fig.10 shown, a long linear polarization tag is adopted to test polarization performance in an actual environment. The proposed antenna is placed vertically and it connects to a fixed reader by a coaxial line. The distance between the tag and the proposed antenna is 40 cm, and we record the transmitting power value which is the minimum readable power with different placement angles to judge the polarization performance of the antenna. The test result which is shown in Table 3 also proves the proposed antenna can accomplish the 45 • linear polarization radiation in the +Z direction which is we want. The proposed antenna has successfully read the tag placed horizontally, vertically and with 45 • slant direction as shown in Fig.10 . To the best of our knowledge, we cannot able to find RFID reader antenna with slant polarization. So, we compared our work with already proposed CP antennas in terms of antenna size. Table 4 shows the comparison of proposed antenna design with other CP antennas. It can be seen from table 4, a reader antenna with slant polarization requires less space as compared to CP antennas, and still can read RFID tags in either vertical or horizontal directions.
VI. CONCLUSION
A novel compact antenna with angle-adjustable linear polarization for mobile phones like handheld UHF RFID reader is proposed using characteristic modes theory. Compared to the traditional handset antenna which need extend space for quadrifilar helix antenna or ceramic micro-strip antenna, this antenna just occupies the outermost part of the clearance area, which saves space, cost and weight. The proposed design consists of a multi-orientation dipole partially printed on three sides of C shaped F4B substrate and exploits internal ground of handheld reader. The individual CM modes of ground plane and multi-orientation dipole are explored using CM analysis. Moreover, two shorting microstrips are added to control the polarization angle. Finally, a suitable feeding location is found to excite required mode to provide 45 • polarization, which provides the advantage of reading tag mounted both in horizontal and vertical directions. A prototype of the antenna is fabricated and tested in the microwave anechoic chamber and actual situation, respectively. The measured results are consistent with simulated results and show an obvious application value in actual handset application environment. Therefore, the proposed antenna can cover vast application areas of IoT such as healthcare, smart agriculture, smart home, etc. JUN OUYANG received the Ph.D. degree in electromagnetic and microwave technology and the Ph.D. degree in information and signal processing from the University of Electronic Science and Technology of China (UESTC), in 2008 and 2011, respectively. He is currently working as an Associate Professor with the School of Electronic Science and Engineering, UESTC. He is also the Associate Director of Smart Cities Research Center, UESTC. He is also a Research Fellow and the Chief Scientist of the Internet of Things technology with the Chengdu Research Institute. He is the author of more than 80 articles and 20 patents. He is also leading several national-level research projects, and provisional and ministerial research projects. His research interests include antenna theory and design, microwave systems, RFID tag, wireless sensing, and the Internet of Things.
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